T cells recognize and kill a myriad of pathogen-infected or cancer cells using a diverse set of T cell receptors (TCRs). The affinity of TCR to cognate antigen is of high interest in adoptive T cell transfer immunotherapy and antigen-specific T cell repertoire immune profiling because it is widely known to correlate with downstream T cell responses. We introduce the in situ TCR affinity and sequence test (iTAST) for simultaneous measurement of TCR affinity and sequence from single primary CD8 + T cells in human blood. We demonstrate that the repertoire of primary antigen-specific T cells from pathogen-inexperienced individuals has a surprisingly broad affinity range of 1000-fold composed of diverse TCR sequences. Within this range, samples from older individuals contained a reduced frequency of high-affinity T cells compared to young individuals, demonstrating an age-related effect of T cell attrition that could cause holes in the repertoire. iTAST should enable the rapid selection of high-affinity TCRs ex vivo for adoptive immunotherapy and measurement of T cell response for immune monitoring applications.
INTRODUCTION

CD8
+ T lymphocytes are a subclass of T cells that directly kills cancer and pathogen-infected cells through recognition of peptide bound to major histocompatibility complex (pMHC) using its T cell receptor (TCR) (1) . The affinity of a TCR to a given peptide epitope is dependent on its TCR sequence, which affects the downstream fate (2) and functional capacity (3) of T cells by modulating TCR signaling strength (4) and proliferation rates (3, 5) . TCR-pMHC affinity is widely known to be a major determinant in the efficacy of adoptive T cell transfer (ACT) therapy. Thus, the ability to track TCR-pMHC affinity of single antigen-specific T cells within humans can provide important information on the quality of an immune response and for selecting the optimum T cells for ACT immunotherapy in cancer (6) and persistent viral infections (7, 8) .
Measurement of TCR properties is inherently difficult because each T cell contains its own unique TCR that can recognize a distinct set of pMHC ligands. The "gold standard" for measuring TCR-pMHC affinity is surface plasmon resonance (SPR), which requires the production of recombinant soluble TCR. The polyclonal nature of T cells makes SPR measurement extremely laborious and low throughput.
Several methods to measure TCR-pMHC kinetics and affinity from live T cells have recently been developed. Fluorescence microscopybased assays can measure the TCR-pMHC dissociation rate of soluble pMHCs bound to the T cell (7) . TCR-pMHC two-dimensional (2D) kinetics and affinity have also been measured in this manner using a fluorescence resonance energy transfer system (9) . The throughput of these methods is limited by the field of view. In addition, more than 10 4 antigen-specific T cells must be added to the chamber to measure the kinetics of~50 cells, which is not usually obtainable in a single human blood draw (7) . The micropipette adhesion frequency assay is another method that can measure 2D TCR-pMHC kinetics and affinity but without requirements on cell input count (5) . However, this assay is not suited to measure 2D affinities on primary T cells because the frequency of antigen-specific T cells are very low, especially precursor cells in antigen-inexperienced individuals, and there is a high degree of inefficiency due to time spent on nonreactive T cells. This has limited its use to either mouse models of infection (10) , T cell clones, or TCR transgenic mouse systems (5, 11) . In vitro T cell expansion into a monoclonal population has its own disadvantages; besides the time and labor associated with in vitro expansion, the resulting T cell clones might not represent the starting primary T cell population because each T cell has a different proliferative potential (12) . In addition, none of these methods can easily link TCR-pMHC binding parameters to TCR sequence, which provides information on T cell clonal expansion and lineage (13) .
Here, we introduce in situ TCR affinity and sequence test (iTAST) that enables measurement of single-cell 2D TCR affinity and sequence directly from primary CD8 + T cells obtained from single human blood draws, at a throughput of up to~75 cells per day. We show that iTAST provides an accurate assessment of TCR affinity at the single-cell level that strongly correlates with TCR affinity by SPR, conventional 2D affinity (5) , and cell functional capacity. We applied iTAST to study the naïve repertoire of hepatitis C virus (HCV)-specific CD8 + T cells within healthy individuals and discovered a wide TCR affinity range that is dependent on age. The ability to obtain correlated TCR affinity and sequence information generated by iTAST should enable the rapid selection of high-affinity TCRs for adoptive immunotherapy.
RESULTS
Overview of iTAST iTAST uses streptamers (14) , which are pMHC multimers that can reversibly label antigen-specific CD8 + T cells, the micropipette adhesion assay (5, 11, 15) for measurement of conventional 2D TCR affinity, and singlecell TCR sequencing (13) . Low-frequency antigen-specific CD8 + T cells are first isolated with streptamers using magnetic enrichment (16) and fluorescence-activated cell sorting (Fig. 1, A and B) . Streptamers are then dissociated off of T cells using an excess amount of biotin, freeing their TCRs for interrogation with pMHC-coated red blood cells (RBCs) for single-cell 2D affinity measurement. After affinity testing, each cell is picked into a polymerase chain reaction (PCR) tube with a transfer micropipette for TCR sequencing (Fig. 1C ). Both TCR a and b chains are amplified by nested PCR with a molecular barcode imbedded for each tube, which is later used for a and b chain pairing (Fig. 1D) .
Affinity measurements were performed using a human pMHC class I allele, HLA-A2, with mutations in the a3 domain that abolish CD8 cooperation in TCR-pMHC binding (hereafter referred to as HLA-A2-CD8mut) similar to a previous study (11) . Nonspecific binding with primary CD8
+ T cells was negligible within a large range of pMHC site densities ( fig. S1 ). Using a panel of CD8 + T cell clones, we confirmed that the adhesion frequency curve fit the model for bimolecular interactions ( Fig. 2A, fig. S3 , and eq. S1) (15) and the use of wild-type streptavidin as a means to present pMHC on RBC membrane did not cause alterations of 2D affinity via possible multivalent interactions ( fig. S2 ) (5) . Single-cell 2D affinity measured in iTAST is a function of the adhesion frequency at a saturating contact time, as well as the TCR and pMHC site density (number of TCR or pMHC molecules per square micrometer area) measured using respective antibodies (Eq. 1) (5). Using CD8 + T cell clones, we found that 4 s was sufficient to achieve saturating adhesion frequency for a large range of TCR-pMHC affinities ( Fig. 2A and fig. S3 ). Since TCR site density cannot be directly measured on single streptamer + CD8 + T cells because TCR antibodies would interfere with pMHC binding, we inferred it by measuring TCR site density from bulk CD8 + T cells from the same donor. We verified that streptamer + CD8 + T cells had the same TCR site density as bulk CD8 + T cells because streptamers completely dissociated from the cell surface ( fig. S4A ) and did not alter TCR expression (Fig. 2B ). In addition, the ligation of common phenotypic antibodies did not change the TCR expression during affinity measurement (Fig. 2C) , and streptamers also performed similarly to conventional streptavidin-based tetramers in staining intensity ( fig. S4B ).
Error analysis on single-cell 2D affinity measured by iTAST Single-cell 2D affinity measurement is subject to multiple variables that affect precision, which requires a systematic understanding of the sources of error to develop a stringent validation process. Further, this ensures that the measured TCR affinities and sequences are trustworthy in downstream applications, such as ACT. To estimate this error, we isolated and measured the variance of all factors associated with the single-cell 2D affinity measurement by iTAST ( Fig. 2D and fig. S5 ). This includes variations in (i) TCR site density between T cells, (ii) TCR site density spatial homogeneity within one cell, and (iii) variations in pMHC site density between + T cells that were stained with phenotypic antibodies (CD27, CD45RA, CD57, CXCR3, CD95, CD45RO, and CCR7) for 3 hours at room temperature to mimic the environment for single-cell 2D affinity measurement. (D) Error analysis of factors associated with single-cell 2D affinity measurement. Factor I: T cell to T cell variation of TCR site density assessed by using one TCR antibody-conjugated RBC against multiple primary CD8 + T cells (each point indicates one T cell). Factor II: Variation of TCR site density in different areas on the same T cell assessed by using one TCR antibody-conjugated RBC against different areas of one T cell (each point indicates one area of the same T cell) (two T cells tested). Although the absolute adhesion frequencies are different between these two T cells, the variations of different areas of one T cell are similar between these two T cells. Factor III: RBC to RBC variation of MHC site density assessed by using one HCV-specific CD8 + T cell clone against multiple HLA-A2-CD8mut/HCV-coated RBCs (each point indicates one RBC). (E) Simulation of coefficient of variation at different adhesion frequency values using values measured from (D) and eq. S2. (Fig. 2D) . TCR site density variation between T cells contributed the most, at~70% of the total variance ( fig. S5 ). By integrating these variances, we found that by keeping the adhesion frequency between 30 and 80%, the coefficient of variation of single-cell 2D affinity can be kept below 50% (Fig. 2E ).
RBCs
Comparing single-cell 2D affinity with conventional 2D affinity The conventional 2D affinity assay cannot be used to study the affinity of single primary antigen-specific T cells in a polyclonal population because it relies on averaging several measurements from a population of clonally identical T cells. In contrast, iTAST can obtain affinities from single cells and provide an estimated variance. To empirically determine the accuracy of single-cell 2D affinity to conventional 2D affinity, we in vitro expanded HCV-specific CD8 + T cell clones and measured their single-cell and conventional 2D affinity using one cell or four to five cells, respectively (Fig. 3A) . A significant log-log linear correlation with low variance on the residuals was observed, indicating high accuracy between single-cell and conventional measurements (P < 10
−4
). Next, we verified the accuracy of single-cell 2D affinity directly on primary cells by affinity testing a primary CD8 + T cell and then transferring it for in vitro expansion into a clonal population (Fig. 3B ). We found that the singlecell 2D affinity of the primary T cell was similar to the conventional 2D affinity of its resulting clone. The estimated variance in the single-cell 2D affinity was also within 1 SD of the resulting T cell clone, indicating the accuracy of our variance estimate ( Fig. 2E and table S1 ). These results show that single-cell 2D affinity measured by iTAST is a reliable surrogate for conventional 2D affinity with comparable levels of variance (Fig. 3, A 
and B).
Comparing single-cell 2D affinity measured by iTAST with affinity by SPR We also validated the consistency of single-cell 2D affinity by iTAST with the gold standard SPR measurement. We used the 1G4 TCR that binds to the human tumor antigen NY-ESO-1 as a model system (17) . Using the native and peptide variants of NY-ESO-1, we found a significant correlation between single-cell 2D affinities and previously published 3D affinities in the 1G4 system (P < 0.01; Fig. 3C and table S2) (3). Thus, single-cell 2D affinity could accurately discriminate pMHC ligands with different affinities despite the variance associated with single-cell measurement.
iTAST affinity correlation with functional status Given the potential of iTAST in immune monitoring and ACT immunotherapy, we next investigated the relationship between single-cell 2D affinity and cell function. Forty-three single HCV-specific CD8 + T cells from HCV-seronegative donors were isolated using HLA-A2/HCV tetramers and in vitro expanded into clones for functionality testing. Although all clones bound specifically in the 2D affinity measurement, not all clones were functional (Fig. 4A) . We found that single-cell 2D affinity correlated significantly with lysis capacity and provided a sharp threshold for functionality at a 2D affinity of~2 × 10 5 mm 4 (P < 10
−4
). In addition to functional status, TCR-pMHC affinity also affects the peptide potency, which we define as the minimum peptide concentration required for CD8 + T cells to induce 10% specific lysis of JY cells pulsed with HCV peptide. Peptide potency is a critical parameter for the in vivo efficacy of CD8 + T cells because it is related to the minimum antigenic load required to activate the T cell and elicit a functional response. From HCV-specific CD8 + T cell clones, we found a significant correlation between single-cell 2D affinity and peptide potency (P < 0.005; Fig. 4B and fig. S6 ). A competing and widely used in situ technique to identify highly potent CD8 + T cells is by staining intensity with HLA-A2-CD8mut tetramers (18) . We did not observe a correlation in tetramer staining with either lysis capacity or peptide potency (Fig. 4, C and D) . Although all clones that stained tetramer above background levels were functional, in agreement with past studies (18) , multiple clones did not stain despite having a lysis capacity and potency comparable to positively stained cells. This high false-negative rate was not seen with single-cell 2D affinities and thus offers higher predictive value than tetramer staining. In addition, all correlations made using single-cell 2D affinity were consistent with conventional 2D affinity made by averaging several measurements in each of the T cell clones ( fig. S7 ).
Affinity repertoire of naïve virus-specific CD8 + T cells and association with age We applied iTAST to study the affinity distribution of antigen-specific CD8 + T cell precursors in healthy individuals who have not been exposed to their cognate antigen. Antigen-specific T cells are a heterogeneous population that recognize the same pMHC using different TCRs generated by V(D)J recombination (16) . In unexposed individuals, these cells are extremely rare and exist at a frequency of 1 in 10 4 to 10 6 CD8 + T cells (16) . As a model system, we isolated the naïve HCV-specific CD8 + T cell population within healthy HCV-seronegative blood donors that binds the HCVns3:1406-1415 (KLVALGINAV) epitope complexed with HLA-A2 (16) .
HCV-specific CD8 + T cells isolated from 12 samples, derived from nine unique donors, were found to have frequencies ranging from 2 to 18 in 10 6 total CD8 + T cells ( fig. S8 ), consistent with a previous study (16) . From one unit of leukapheresis, we obtained between 50 and 1000 HCVspecific T cells. We found a surprisingly ). (B) 2D affinity for a primary CD8 + T cell and its clone after being picked into culture well for in vitro expansion. Tabular data available in table S1. (C) Correlation of single-cell 2D affinity of the native NY-ESO-1:157-165, denoted in red, and six peptide variants on HLA-A2-CD8mut against the 1G4 TCR expressed on the Jurkat cell line versus 3D affinity by a previously published SPR study (3) (n = 7; line denotes log-log linear regression; two-tailed t test on the slope, P < 0.01). Tabular data available in table S2 . large affinity range of more than 1000-fold within this antigen-specific T cell repertoire (Fig. 5A) . We observed consistent heterogeneity in the affinity distributions of HCV-specific CD8 + T cell populations between the donors (Fig. 5A) . Samples 4A and 4B and samples 5A, 5B, and 5C represent repeated blood draws from donors 4 and 5, respectively, collected within a 7-month time span. Samples from the same donor exhibited similar distributions in T cell affinity, whereas the distributions between donors 4 and 5 were significantly different, with the latter containing a lower median T cell affinity (P < 0.005). We also translated 2D affinities into the number of pMHCs required to form, on average, one bond with TCR at 4 s of contact (Eq. 2 and Fig. 5B) ; we note that this value would be an overestimation of the actual number of pMHCs required because it does not take into account possible transient binding at earlier times. Given this, the 2D affinity range translates to a requirement of at most~5 pMHCs to bind a T cell with the highestaffinity and~50,000 pMHCs for the lowest-affinity T cell (Fig. 5B) .
To investigate whether this heterogeneity is associated with age, we recruited additional healthy HCV-seronegative donors 33 or younger and 49 or older for iTAST measurement. From nine unique donors, we found that the naïve HCV-specific CD8 + T cell repertoire within young donors had a significantly higher median 2D affinity than older donors (P < 0.05; Fig. 5C ). From the 2D affinity threshold of 2 × 10 −5 mm 4 previously determined for in vitro functionality (Fig. 4A) , we also found that older donors contain a significantly lower fraction of functionally competent HCV-specific CD8 + T cells than younger donors (P < 0.005; fig. S9 and table S3).
Association of TCR affinity and sequence Affinity-tested T cells from samples 4B, 5A, 6, and 7 were picked for single-cell TCR amplification and sequencing. A success rate of 43 to 56% for TCRa and 44 to 75% for TCRb was achieved, which is comparable to other single-cell TCR amplification methods (13) , and no RNA contamination was found between consecutive T cell transfers ( fig. S10 ). We found a surprisingly narrow TCRa V-gene (TRAV) usage composed almost exclusively of TRAV38-2, whereas TCRb V-gene (TRBV) usage was more diverse (Fig. 5D) ; this trend was consistent among all four donors ( fig. S11 ). TCRs bearing TRAV38-2 recapitulated the entire affinity range and did not differ in 2D affinity from TCRs without TRAV38-2 (table S4) . In addition, we observed two pairs of T cells, each bearing an identical TCRa amino acid sequence but different TCRb sequences that were isolated from separate donors (table S4, red). The first TCR pair also shared the same TRBV, with differences only in the CDR3b region. Despite this similarity, their 2D affinity differed by 50-fold (2.2 × 10 . The higher-affinity TCR contained a greater proportion of hydrophobic residues in the CDR3b region (CASKM-GAEAFF, 54% hydrophobic) than the lower-affinity TCR (CASGQG-QETQYF, 17% hydrophobic). It is likely that hydrophobic residues in the CDR3b region interact with the largely hydrophobic HCV peptide (KLVALGINAV, 70% hydrophobic) to increase TCR affinity. This observation is supported by the second TCR pair, where a smaller 2D affinity difference of 2.5-fold (1.1 × 10 −5 mm 4 versus 4.4 × 10 −6 mm 4 ) was associated with a smaller difference in the proportion of CDRb hydrophobic residues between the high-affinity (CASSLEREGR-GEQFF, 27% hydrophobic) and low-affinity (CATSIDRGREKLFF, 36% hydrophobic) TCRs. Thus, hydrophobic residues in the CDR3b chain are potential regulators of TCR affinity with the HCV peptide.
DISCUSSION
Continued interest in TCR-pMHC affinity stems from the observation that TCR-pMHC binding parameters influence the subsequent downstream T cell response. Here, we present a high-throughput strategy for measuring TCR affinity and its corresponding TCR sequence, enabling direct measurement of primary CD8 + T cells from human blood of any specificity. Using the 1G4 TCR, we found that single-cell 2D affinity obtained by iTAST correlates with the widely used 3D affinity by SPR. The variance associated with single-cell measurement was low compared to the 1000-fold range of 2D affinity associated with primary CD8 + T cells, allowing accurate discrimination of high-and low-affinity TCRs. This makes single-cell 2D affinity a reliable surrogate for 3D affinity by SPR that is quicker to obtain and does not require soluble TCR production.
This correlation also shows the applicability of iTAST to ACT because affinity measured by SPR is widely believed to correlate with the efficacy of ACT in cancer (19) . A variant of the 1G4 TCR used in our study with high affinity by SPR was recently used for ACT with successful therapeutic responses in patients with multiple myeloma (20) . For ACT in cancer, current approaches using directed evolution to increase TCR affinity can cause reduced specificity and create fatal cross-reactivity (6) . With iTAST, the ability to isolate TCRs native to humans with a given affinity could enable rapid selection of safer candidate TCRs with high potency.
Single-cell 2D affinity by iTAST also correlated with both T cell functional status and potency from a panel of HCV-specific CD8 + T cell clones. Despite specific binding to pMHC ligand, not all clones were capable of lysing target cells. Single-cell 2D affinity was able to define a sharp threshold between the functional and nonfunctional T cells, whereas tetramer staining could not. A large fraction of primary ). (B) Single-cell 2D affinity versus peptide potency, defined as the peptide concentration required to induce 10% cell lysis (n = 15; line denotes log-log linear regression; two-tailed t test on the slope, P < 0.005). (C and D) HLA-A2-CD8mut/HCV tetramer median fluorescence intensity (MFI) versus (C) lysis capacity (Spearman two-tailed test) and (D) peptide potency (log-log linear regression, two-tailed t test on the slope). Dashed line denotes limit of detection in tetramer staining. n.s., not significant.
HCV-specific CD8
+ T cells were below this affinity threshold, indicating that they may not have protective capacity. This value corresponds to an upper limit of~1200 pMHCs for TCR-pMHC bond formation at 4 s of contact, which is in agreement with the upper bound of~400 pMHCs required for T cell functionality in literature (21) . Because both the T cell clones and primary T cells were isolated using tetramers, solely using tetramer staining can potentially overestimate the antigen-specific CD8 + T cell frequency because not all cells have functional potential.
We also characterized the TCR affinity range associated with naïve HCV-specific CD8 + T cell populations in unexposed human individuals. Naïve T cells are believed to be the safety net against infection and cancer and are the targets of vaccination (16) . In addition, naïve virus-specific CD8 + T cell populations have recently been shown to be a potential source for ACT against persistent viral infections, which makes hunting for high-affinity primary T cells a high priority (8) . The 1000-fold range of TCR affinity found here demonstrates the superb sensitivity and large dynamic range (21) that T cells have to antigens. Especially among young donors, many T cells contain TCRs with 2D affinities that are comparable or even higher than the OT1 TCR against the ovalbumin peptide (2.4 × 10 −4 mm 4 ), a well-known high-affinity TCR-pMHC interaction (5). Past studies have observed a~100-fold range based on aggregate SPR affinity measurements using multiple MHC alleles, epitopes, and donor sources (22) . Here, we show that such a large dynamic range exists even within the antigen-specific T cell population for a single pMHC epitope within a single donor. At the same time, it represents a challenge of how to accurately select a TCR with optimum affinity for ACT. Our study illustrates the usefulness of iTAST as a quick method to directly evaluate the quality of this immune safety net and accurately pinpoint TCRs with a particular affinity and sequence for ACT and other immune engineering applications.
The observation that the TCR affinity distribution is similar within separate blood draws from the same donor indicates the reproducibility of iTAST. The difference observed in affinity distributions between donors shows that alterations in this parameter can be detected by iTAST and highlights its usefulness as a reliable and unique signature for immune monitoring applications.
We further determined that this change in affinity distribution is associated with age. It is well known that aging reduces the TCR diversity and size through reduced thymic output and increased homeostatic proliferation (23) . Recent studies in mice have demonstrated that attrition of the precursor foreign-specific T cell population with age is nonrandom due to preferential use of particular TCR V-genes (24) . Here, we demonstrate that changes in the T cell affinity repertoire are also nonrandom, because older donors contained a significantly lower proportion of highaffinity HCV-specific CD8 + T cells than young donors (P < 0.005; fig.  S9 ). This reduced frequency of high-affinity virus-specific T cells could be a contributing factor toward the increased risk of infection and diminished vaccine response in the elderly. In particular, decreases in T cell affinity could be a mechanism for the creation of holes in the T cell repertoire, as observed in the reduced T cell response with age in a mouse influenza virus model (25) . Lastly, this result also suggests that young donors are a better source of high-affinity TCRs for adoptive transfer applications than older donors.
The ability to obtain correlated TCR sequence and affinity from these donors provides an additional dimension for antigen-specific T cell analysis. The dominance of the TRAV38-2 gene among all donors compared to the larger diversity of TRBVs suggests that the TRAV38-2 Vgene has an intrinsic affinity to the HLA-A2/HCV epitope. However, TCRs bearing TRAV38-2 spanned the entire dynamic range of TCR affinity, suggesting that additional factors are required for binding. One such factor we observed involved the use of hydrophobic residues in the CDR3b to interact with the largely hydrophobic HCV peptide. It is possible that whereas the TCRa chain imparts specificity to HLA-A2/HCV, the TCRb CDR3 can regulate the affinity of the interaction. This is also consistent with the large diversity of TRBV usage compared to TCRa, and is in line with recent evidence that whereas one TCR chain can dictate specificity, the other TCR chain can regulate the functionality over a broad range (26) .
We note several limitations to the current study that warrants further development. It is unknown whether the decrease in TCR affinity with age is a general trend associated with foreign-specific CD8 + T cell populations or whether it is an epitope-specific phenomenon. In addition, although the current throughput of iTAST enables it to address many important biological questions, it will be useful to further automate this system and increase throughput.
Here, we present a method for rapid in situ measurement of TCRpMHC affinity and sequence directly from primary CD8 + T cells isolated from human blood. The low-cell count requirement allows iTAST to be applied to wide-ranging human sample types, from peripheral blood to primary tumors. iTAST offers a quick, reliable, and unbiased way to identify candidate TCRs with high affinity and high potency for immunotherapy. In addition, the ability to obtain TCR-pMHC affinity distribution from primary T cells allows iTAST to address questions of how the T cell repertoire changes due to age, autoimmune disease, viral infection, and cancer. Overall, we believe that iTAST will find broad applications in basic research into TCR affinity as well as clinical applications in immune profiling and adoptive immunotherapy.
MATERIALS AND METHODS
Study design
The objective of this study was to characterize the TCR sequence and affinity distribution of precursor antigen-specific CD8 + T cells within healthy human individuals of different ages using iTAST. Donors were assigned unique serial numbers to identify repeat donors. Researchers had access only to donor age, gender, cytomegalovirus (CMV) serostatus, and infectious disease status (including HCV). This study was not blinded, and sample selection was not random. Samples were CMV-seronegative males and selected on the basis of the age criteria of less than or equal to 33 years and greater than or equal to 49 years.
The authors initially determined affinity distributions from samples 4B, 5A, 5B, and 9 and observed a dependence on the T cell affinity distribution with age. We measured the affinity distribution of six additional unique donors and used the ratio of T cells with high affinity (≥2 × 10 −5 mm 4 ) and low affinity (<2 × 10 −5 mm 4 ) from each donor as a metric. On the basis of this metric and the preliminary results, we found that a total of nine donors would be sufficient to differentiate the two age groups with 90% power in a two-tailed t test with P = 0.05. In addition, two biological replicates of primary T cell affinity by iTAST were performed for donor 4; blood draws were made within a 7-month time span. Three biological replicates were performed for donor 5; blood draws were made within a 3-month time span.
Streptamer sorting and dissociation Human leukocyte reduction system chambers were obtained from deidentified donors at the Blood and Tissue Center of Central Texas with strict adherence to guidelines from the Institutional Review Board (study number 2013-09-0041) of the University of Texas at Austin. CD8 + T cell enrichment was done following the protocol described previously (16, 27) using RosetteSep CD8 + T Cell Enrichment Cocktail (STEMCELL) together with Ficoll-Paque (GE Healthcare). Then, RBCs were lysed using ACK Lysing Buffer (Lonza). After washing in phosphate-buffered saline with fetal bovine serum, the cell mixture was passed through a cell strainer (Corning) and ready for use. For the remainder of the experiment, the cells were kept either on ice or at 4°C in refrigerator. The entire procedure was performed either on ice or at 4°C following a published protocol (16, 27) using streptamer instead of regular tetramer with Miltenyi anti-phycoerythrin (PE) microbeads and column. Sodium azide was added to cell buffer. The flow-through was collected for background staining and frequency calculation. The enriched fraction was eluted off the column and washed into cell buffer. The following antibody panel was used to stain both the enriched and flow-through fractions: CD4, CD14, CD16, CD19, CD32, and CD56 (BioLegend) as a dump channel to stain residual non-CD8 + T cells, and CD45RA, CCR7, and CD27 (BioLegend). 7-Aminoactinomycin D was used as a viability marker.
The antibody-stained enriched fraction was washed, and counting beads were added. Naïve streptamer-positive CD8 + T cells were sorted using BD FACSAria II system into cell buffer as described previously with minor modifications (14) . After dissociation, cells were washed twice in medium and stored at 4°C until the iTAST experiment.
Measuring primary single-cell 2D affinity and transfer for sequencing Streptamer-dissociated antigen-specific T cells were added to the microscope chamber, along with five populations of RBCs carrying HLA-A2-CD8mut/HCV with different site densities. RBC site densities ranged from~5 to~2000 sites/mm 2 . Derived from eq. S1, as contact time goes to infinity, adhesion frequency reaches an equilibrium value:
where P a,eq is the equilibrium adhesion frequency, m r is the TCR site density, m l is the pMHC site density, A c is the contact area, and A c K a is the 2D affinity. For primary T cell affinities, we determined the single-cell 2D affinity value using Eq. 1 and by measuring the adhesion frequency at 4 s. If the adhesion frequency is lower than 30% or higher than 80% after 10 contacts, then a new RBC with a higher or lower site density, respectively, is used, and adhesion frequency is measured again until 30 to 80% is reached for 10 contacts. Twenty-five contacts were measured for each T cell-RBC pair. The test chamber was engineered to facilitate the transferring of cells out of the chamber to PCR tubes using a third pipette. Another way to use the adhesion frequency P a is for calculating the average number of bonds, <n> (11):
We can then derive the number of pMHCs required for an average bond number of 1 to form, using 3 mm 2 to approximate the contact area, which was also kept constant throughout experiments:
Number of pMHC to form one bond
It should be noted that this value does not take into account bonds that were dissociated before 4 s nor does it take into account the lifetime of a bond, and so, our calculation would be an overestimation of the actual required number of pMHCs.
HCV-specific CD8 + T cell lines HCV-specific CD8 + T cell lines were generated according to a previously published protocol (16) . Conventional streptavidin-based tetramers were used to sort single cells into medium using the same isolation procedure as streptamer. Functional status was analyzed 10 to 21 days after restimulation.
Tetramer preparation and staining of CD8 + T cell clones Ultraviolet (UV)-exchanged tetramer was prepared as previously described (16, 28) . HLA-A2-CD8mut was obtained from the National Institutes of Health Tetramer Core Facility. PE-labeled streptavidin was from BioLegend.
For tetramer staining, HCV-specific CD8 + T cell clones were incubated with 0.14 mg of HLA-A2-CD8mut/HCV and 2 ml of CD8 blocking antibody (EMD Millipore, clone DK25) in 50 ml of cell buffer for 1 hour at 4°C. Cells were washed using cell buffer and then analyzed using BD Fortessa.
Statistical analysis
Statistical tests used are detailed in the figure legends. Shapiro-Wilk and Brown-Forsythe tests were performed to ensure that the data are normally distributed and with equal variance, respectively, for either two-sample t test or ANOVA for multiple sample comparison. The a value for statistical significance was 0.05 unless otherwise stated; Bonferroni correction to a = 0.017 was used in Table S1 . Comparison of single-cell 2D affinity derived from a primary T cell and conventional 2D affinity derived from the T cell's in vitro expanded clone. Table S2 . Single-cell 2D affinity and SPR 3D affinity for the native and peptide variants of NY-ESO-1 against 1G4 TCR. Table S3 . Median 2D affinity and ratio of high/low 2D affinity from primary HCV-specific CD8 + T cells. Table S4 . Single-cell 2D affinity and correlated TCRa and TCRb CDR3 sequences. Reference (29) 
